Guinea pigs were exposed to 120 dB white noise for 30 min and evidenced a four-fold elevation in plasma concentration of the potent vasoconstricting hormone angiotensin II (AU). Anesthetized animals received intra-arterial injections of AI1 at doses that approximated the endogenous levels measured following noise exposure. A marked decrease in skin blood flow was observed with a concomitant increase in cochlear blood flow as measured by laser Doppler flowmeters. Increased cochlear blood flow appeared to be secondary to the increases in systemic blood pressure induced by AII. These findings suggest that cochlear blood flow may increase during periods of intense noise exposure. cochlear blood flow, angiotensin II, laser Doppler flowmeter, guinea pig
Introduction
Research concerned with the physiological mechanism underlying noise-induced hearing loss has focused on the role that vascular processes, particularly vasoconstriction, may play in mediating such loss and these efforts have yielded inconsistent findings [2] . Histological examination has indicated that noise-induced cochlear hair cell damage is associated with constriction of inner ear capillaries, and is correlated with decreased 0, levels in inner ear endolymph during noise exposure. This suggests that noise-induced hearing loss is mediated, at least in part, by reduced blood flow of the cochlear vasculature which deprives inner ear structures of oxygen [8, 17, 20] . In contrast, Nuttall and co-workers [22] found no change in endolymph 0, with short-duration noise exposure in anesthetized guinea pigs while direct observation of cochlear vessels during noise exposure by Perlman and Kimura [24] revealed increased cochlear blood flow. Prazma et al. [26] have also reported increased blood flow in the areas of the cochlea stimulated by noise. Furthermore, noise-induced temporary threshold shifts (TTS), which presumably contribute to permanent hearing loss [18] , and peripheral vasoconstriction to loud noises, appear to be inversely related, i.e. greater peripheral vasoconstriction is associated with lesser degrees of TTS [5, 10] . This suggests that changes in cochlear blood flow may depend at least partially upon changes in peripheral blood flow [29] and systemic blood pressure.
A potential mediator of such noise-induced blood flow changes is the blood-borne octapeptide angiotensin II (AII), a potent vasoconstrictor of vascular smooth muscle. A 25% reduction in renal blood flow has been observed in conscious rabbits during noise exposure [9] . This is a sufficient ischemia to stimulate the release of renin from the kidney which acts on circulating angiotensinogen to form AI1 [23] . Jugular vein infusion of AI1 (1 pgg/kg) in anesthetized guinea pigs has been reported to cause a transient decrease in cochlear blood flow followed by an increase as measured by electrical impedance plethysmography [30] . How-ever, this technique yields an indirect measure of blood flow and assumes, without confirmation, that external vessel caliber is proportional to flow. Our laboratory has measured significant elevations in circulating levels of AI1 in rodent and human subjects following exposure to loud noise [6, 33] . Increases in plasma AI1 resulting from such exposure may thus modify cochlear blood flow either indirectly by shunting blood away from the peripheral vascdature or by acting directly upon the cochlear vasculature. The first mechanism should result in elevated cochlear blood flow concomitant with increased systemic blood pressure, while the second should produce decreased co&ear flow. Co&ear microv~ular anatomy has been elucidated (12, 14, 16, 31] , and cochlear blood flow has been measured using the microsphere technique [l] . Our research group has recently employed a helium-neon laser Doppler with a wavelength of 632 nm which is maximally sensitive to red blood cells (RBCs) to study some dynamic characteristics of inner ear blood flow [19] . This approach permits online measurement of blood flow through some cochlear vascular beds at a level of quantification not previously available. Laser Doppler probes were presently used to test three related questions. (i) Does exogenous AI1 induce cochlear blood flow changes? (ii) If so, in which direction relative to peripheral blood flow? (iii) Are the endogenous elevations in circulating levels of AI1 noted to occur following noise exposure sufficient to cause cochlear blood flow changes?
Methods
Mature female guinea pigs (Hartley, Charles River) were maintained in group cages under a 12 : 12 h light cycle initiated at 0700 h.
Noise exposure
The animals were divided into 3 groups of 6. Each member of the first group was exposed to white noise in a sound attenuation chamber. The noise originated from a General Radio random noise generator (Model 1382), was amplified by a Macintosh 60 W amplifier (Model 240), and transduced by a JBL driver (Model 2482). The intensity of the sound at the animal's ear was adjusted to 120 dB re 20 y Pa as calibrated with a Brtiel & Kjaer sound level meter (Model 2209). Each animal was immobilized in a cloth wrapping with its head exposed, placed in the chamber, and subjected to the noise for 30 min. Within 30 s of noise termination each animal was decapitated and blood was collected in an ice-chilled, heparinized (25 LJ sodium heparin) centrifuge tube. The whole blood was immediately centrifuged at 2000 >i R for 15 min at 4°C to obtain the plasma fraction which was stored at -20°C until assayed for AI1 concentration. The second (control) group was treated identically; however, the noise was not presented.
Laser DoppIer m~usurern~n~s
The 6 guinea pigs of the third group were anesthetized with 30 mg Ketamine and 4 mg Xylazine i.m. with supplemental injections when required (20 : 1 solution Ketamine : Xylazine). Each animal was prepared with a head post attached to parietal and frontal bone anchor screws with dental acrylic. The animal was also prepared with tracheal (PE 320, Clay Adams) and femoral artery (Type MRE-040, micro-renathan, Braintree Scientific) cannulae. The bulla was opened to expose the cochlea and the mucosa overlying the lateral wall of the basal turn of the cochlea was gently removed allowing the 'needle' probe (O.D. 1.75 mm) of a laser Doppler flow meter (Medpacific, LD-5000) to be positioned on the bony surface of the lateral wall of the promontory of the cochlea via a micromanipulator. Studies in skin suggest that this measure is sensitive to flow in vessels within 1 mm of the probe surface. In the guinea pig cochlea this would include primarily the lateral wall vessels. A second Doppler, prepared with a standard acrylic probe, was secured to a shaved portion of the animal's abdomen to permit measurement of skin blood flow. Blood pressure was monitored via the femoral artery carmula using a Gould-Statham transducer (Model P23Db) and a Sanborn polygraph (Model 850). Baseline measurements were obtained for blood pressure, cochlear and abdominal skin blood flows. Doseresponse curves were then collected following the infusion of a 0.25 ml bolus of angiotensin II (U.S. Biochemicals) via the femoral artery cannula. Doses of 0.1, 1, 10 and 100 PM/kg in 0.15 M NaCl were administered in either ascending or descending order. Sufficient time was allowed between injections to re-establish baseline values. For a more complete description of the laser Doppler and the theory underlying its use to measure blood flow changes of vascular beds refer to [7, 19, 21] .
A II rudioimmunoassay
The plasma of groups 1 and 2 was analyzed for AI1 levels in triplicate, 200 ~1 per assay. The plasma was initially extracted in 750 ~1 of 95% ethanol by incubation at 27°C for 15 min, then at 4°C for 15 min. The mixture was centrifuged at 2000 x g for 10 min at 4°C and the supernatant was dried down overnight in a speedvac. Internal standards were used to assess the efficiency of extraction which averaged 84%. Values were normalized based on calculated recoveries. All glassware and assay tubes were coated with heat treated 0.1% BSA solution (Sigma 44503, 6 h at 56°C) and dried overnight prior to use. The incubation mixture contained the following components: 3 pg of ['251]AII with a specific activity of 1700 pCi/pg in 200 ~1 of buffer (10 mM NaPO,, pH 7.0); 100 ~1 of reconstituted rabbit antiserum diluted 1 : 25000 in buffer; 200 ~1 of standard AI1 or unknown; an additional 500 ~1 of buffer was added to bring the total reaction volume to 1.0 ml. Following incubation for 24 h at 4°C 500 ~1 of dextran-coated charcoal (charcoal: Fischer C-170, 12 mg/ml; dextran: Sigma D-1390, 1.2 mg/ml) were added to the incubation mixture. The resultant suspension was vortexed, allowed to stand for 5 min and centrifuged at 2000 x g for 10 min at 4°C and the supernatant containing the bound angiotensin was retained for counting (Beckman Gamma 500). A complete standard curve, non-specific binding in the absence of antibody (blank) and zero standard binding was determined with the set of assays. The percentage of labelled AI1 bound was graphed against the total AI1 in the assay to form the standard curve. A logit transformation of the standard curve was used to calculate the unknowns expressed as ng/ml of plasma. The assay was sensitive to 1.5 pg of AII.
Results

Noise exposure and AII
Noise exposure elevated plasma AI1 levels to a mean (+ S.E.) of 1.08 + 0.26 ng/ml as compared with 0.28 + 0.04 ng in the nonexposed control group (t = 3.05, d.f. = 10, P < 0.02). To our knowledge these are the first measures of AI1 taken in guinea pigs, however, normal levels of plasma AI1 range from approximately 0.07 to 0.10 ng/ml in rats and about 0.12 ng/ml in gerbils [11, 27, 32] . Therefore, the no-noise control group of the present study revealed somewhat elevated AI1 levels probably due to the stress of immobilization. Noise exposure (100 dB for 15 min) has previously been shown to elevate plasma AI1 concentration to a mean of about 0.64 ng/ml in rats [33] , thus the present mean level of 1.08 ng following 30 min of noise exposure at 120 dB is in keeping with expected values.
Cochlear blood flow
There were marked increases in cochlear blood flow with concomitant decreases in skin flow coincident with AI1 injection. These blood flow dynamics followed a dose-response relationship and occurred in association with increases in systemic blood pressure. Table I summarizes the changes observed in each measure as a function of dose for all members of group 3. Fig. 1 presents representative results from a single animal of group 3. It should be observed that the laser Doppler provides a linear measure of blood flow as confirmed by other blood flow me~~ement techniques, including xenon clearance, microspheres and plethysmography [19] ; however, the output is relative and not quantifiable in physical units of flow. Therefore, the data are presented as percent change from average baseline level in Table I and from average baseline expressed as 0 in Fig. 1 .
Each data set was submitted to a Subjects x Dose repeated measures analysis of variance with further post-hoc analyses by Newman-Keuls test at P = 0.05 [3] . There were no differences in baseline blood pressure prior to the injection of each AI1 dose. There were differences among treatments with respect to maximum change in blood pressure (P-94.88, d.f. = 3/15, P < 0.0001) in the expected direction, i.e. higher doses of AI1 resulted in greater elevations in blood pressure. The reader is cautioned that the baseline blood creases were observed as AI1 dose was increased, The 10 and 100 PM/kg doses were si~fi~tly different from each other and from the two lowest doses which did not differ.
Discussion
The present inv~tigation initially ~ete~ned that significant elevations in the vasoconstricting hormone, angiotensin II, occurred during intense noise exposure in the conscious guinea pig. These endogenous levels were then approximated by exogenous infusion of AI1 in anesthetized guinea pigs in order to measure changes in co&ear blood flow by laser Doppler probe. As a means of confirming that the infused doses of AI1 approximated those levels measured following noise exposure we estimated total plasma volume to be 4.5% of body weight [25] . The 10 and 100 p&I/kg doses infused into the animals of group 3 yielded concentrations of approximately 0.23 and 2.30 ng/ml, respectively.
Since these values bracketed the mean plasma AI1 concentrations observed in the noise exposed animals of group 1, i.e. 1.08 ng/ml, the skin and cochlear blood flow dynamics observed following the two highest doses of AI1 in group 3 may reflect those that occurred in the noise exposed animals. The present laser Doppler results complement an earlier report by Prazma et al. f26] which indicated elevated cochlear blood flow in the stria vascularis and basilar membrane of the first turn stimulated by high-intensity white noise (lo-42 kHz). Blood flow in the nonstimulated upper turns did not change. Thus, cochlear blood flow appears to be influenced not only by systemic blood pressure as presently observed, but also by local mechanisms.
Our results are also in agreement with a recent report indicating that AI1 infusion in the dose range presently used, caused vasoconstriction of mesenteric and renal vascular beds in the alert, free-moving rat as measured by sonar Doppler probes [13] . However, there is the possibility in the present investigation that lowered blood pressure resulting from anesthetization compromised the animal's ability to evidence cochlear autoregulation and therefore flow would become proportional to blood pressure [9] . The issue of anesthetization induced differences in responding to noise and vasoactive compounds due to altered sympathicotone is most relevant to the present results concerning laser Doppler measurement of cochlear flow. At the present state of development, laser Doppler probes are much too large to implant ~hronicaliy in order to measure cochlear flow in the alert animal. Sonar Doppler probes can be implanted [13] ; however, these probes lack the specificity necessary to record from discrete capillary beds.
In summary, these data indicate that (i) it is possible to use a laser Doppler needle probe to monitor cochlear vascular blood flow changes in the anesthetized animal; (ii) noise-induced elevations in endogenous AI1 are of sufficient magnitude to significantly affect cochlear blood flow; (iii} exogenousiy ad~nistered AI1 appears to increase cochlear flow; and, coupled with the findings of Lappe and Brody [13] , (iv) the increased cochlear blood flow is probably secondary to the elevation in systemic blood pressure accompanying vasoconstriction of mesenteric, renal and peripheral skin vascular beds. It would appear that the observed decreased endolymph ~0, reflects an increase in endorgan activity and metabolism [28] , which the increased blood flow is unable to accommodate.
This notion is supported by two recent reports. Canlon and Schacht [4] have measured increased glucose utilization with noise exposure in the organ of Corti and tissues of the lateral wall of the mouse following deoxy]' H]glucase injection. LeDoux and co-workers [lS] have indicated that brief presentation of a pure tone at 80 dB increased blood flow in the central auditory pathway as measured by the 14C-labeled iodoantipyrine technique. Thus, noise-induced elevations in blood flow may occur within the capillaries in different regions of the auditory system. However, confirmation of these findings in the alert animal will be necessary before the question can be settled whether the cochlear blood flow during acute noise is indeed increased.
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